The fusion excitation function of 48 Ca + 48 Ca has been measured above and well below the Coulomb barrier, thereby largely extending the energy range of a previous experiment down to very low cross sections. This system has a negative Q -value for compound nucleus formation. The fusion cross section decreases steadily below the barrier with no conspicuous change of slope below 300 μb. Coupledchannels calculations using a Woods-Saxon potential indicate that a large diffuseness parameter is needed to reproduce the sub-barrier cross sections. A close analogy with the case of 36 S + 48 Ca, with Q > 0, is pointed out. The sign of the Q -value does not influence fusion cross sections down to the 300-600 nb level.
Introduction
The behavior of heavy-ion fusion excitation functions at energies near and well below the Coulomb barrier, continues to be a matter of wide experimental and theoretical interest. Several years ago, limitations to fusion for heavy systems were found, in extensive research performed mainly at GSI aiming to explore the possibility of producing superheavy elements (see e.g. the reviews of Refs. [1, 2] ). In particular, measurements for some systems like Zr + Zr [3] revealed that the excitation function below the barrier drops very rapidly, with a logarithmic slope much larger than predicted by tunnelling calculations using conventional ion-ion potentials.
More recently, it has been observed also for several mediumheavy systems [4, 5] that when decreasing the energy below the lower threshold of the distribution of fusion barriers [6] , produced by channel couplings, the logarithmic slope of the excitation function L(E) does not saturate, rather it keeps increasing. One finds * Corresponding author.
E-mail address: alberto.stefanini@lnl.infn.it (A.M. Stefanini). that the measured cross sections fall well below the predictions of standard coupled-channels (CC) calculations using a nuclear interaction with a Woods-Saxon shape. In all of these systems, when decreasing the energy, L(E) reaches and undoubtedly crosses the value L CS (E) expected for a constant astrophysical S-factor [7, 8] which, as a result, develops a maximum at the crossing energy E s . In these experiments, this crossing was taken as a phenomenological signal for fusion "hindrance", where E s conventionally marked its threshold.
In the case of 16 O + 208 Pb [9] the low-energy slope is very steep but almost saturates at L CS (E). It was argued that the coherent coupled-channels model is inadequate, and that a gradual onset of decoherence takes place with increasing overlap of the two nuclei. Though the model based on the incompressibility of nuclear matter when the density overlap is large [10, 11] , has been very successful for several systems, we are still far, generally speaking, from a complete understanding of fusion cross sections at far subbarrier energies. Fusion "hindrance" shows many facets, reflecting different physical situations.
In the light systems of astrophysical interest (e.g. 12 C, 16 O + 16 O, see [12] ), L(E) tends to become parallel to L CS (E) and, as a consequence, a conclusion on the presence of hindrance in these Open access under CC BY license.
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cases is less unambiguous, but would be very important [13] from the point of view of nucleosynthesis rates during the oxygen and carbon burning stages in stars (see [14, 15] and references therein). Medium-light systems are a bridge between the light and the heavy ones, and can provide us with interesting information on hindrance. A first issue raised has been the possible role of Q -value for compound nucleus (CN) formation in the low-energy region of the excitation function. It is straightforward to show [5] that with Q > 0 a crossing between L(E) and L CS (E) is not algebraically necessary, that is, the S-factor may not show any maximum at whichever energy. Now, the Q-value is always positive in light systems and negative in medium-heavy and heavy ones. Two recent experiments were performed for medium-light systems with Q > 0 with the aim of revealing their low-energy behavior.
For the first case 28 Si + 30 Si [16] ( Q = +14.3 MeV), the excitation function could be measured only down to 40 μb, and a clear-cut conclusion on the existence of a maximum of S is difficult. The system 36 S + 48 Ca ( Q = +7.6 MeV) was the object of the second study [17] . Down to σ fus 600 nb, a steady decrease of the fusion cross sections was observed for this system with no pronounced change of slope below the barrier. The logarithmic derivative saturates and does not reach L CS (E). Nevertheless, CC calculations using a Woods-Saxon potential can only reproduce the data with a large diffuseness parameter a = 0.95 fm. 48 Ca is also interesting in itself for the dynamics of near-barrier fusion, where nuclear structure (we have two very stiff and neutron-rich magic nuclei) is expected to determine fusion cross sections and to characterize the barrier distribution. This Letter is dedicated to the results of this experiment. Several high-energy points (above the barrier) have been also remeasured, in the range where the previous data show some oscillations, and a particular experimental care has been devoted to the absolute cross section scale. The re-measured cross sections above the barrier are in good agreement with the systematics of Ref. [19] .
The experimental set-up and procedures are discussed in Section 2, and are followed by a presentation of the new data and in particular of the low-energy trend of the excitation function. Then the results of coupled-channels calculations are reported (Section 3), and a comparison is done with the aforementioned case 36 S + 48 Ca in Section 4. Section 5 summarizes the main results of the present work.
Experiment and results
The present measurements have been performed at the Laboratori Nazionali di Legnaro of INFN using the same set-up and procedures as for the previous ones [17] The recoiling ER were spacially separated from the transmitted beam and beam-like particles at 0 • and at small angles by an electrostatic deflector [20] . The beam ions were stopped at the exit of the deflector, while ER were detected by means of an energy timeof-flight telescope composed of two micro-channel plate detectors followed by a 600 mm 2 silicon surface-barrier detector [17] , covering a geometrical solid angle 82 μsr. The ER yields were normalized to the average Mott scattering cross section into the four monitor detectors. Fusion-fission is negligible for the present system, so that total fusion cross sections were derived from the normalized 0 • ER yields, from the ER angular distributions measured in the previous experiment [18] , and from the transmission of the electrostatic deflector T = 0.75 ± 0.03, derived from systematic measurements performed for systems with nearby masses and mass asymmetries [17, [20] [21] [22] . The absolute cross section scale is estimated to be accurate within ±7%. Indeed, special care has been taken to check the whole set-up, and to measure the solid angle of all detectors by placing an α-source at the target position.
The high-energy part of the fusion excitation function measured in this work and its comparison with the results of Ref. [18] , are shown in Fig. 1 [18] are not observed in the present data, where the high-energy cross sections show a quite smooth behavior vs. energy (see also the bottom panel of Fig. 1) .
We point out that the present data at energies above the barrier are in much better agreement with the systematics of Newton et al. [19] . Merging the two data sets allows to extract an updated representation of fusion barrier distribution, from the second energy derivative of Eσ [6] , using the three-point difference [23] formula with an energy step of 1.6 MeV. The very rigid structure of the two nuclei produces a single peak at 51 MeV [24] , as reported in Fig. 2 (top panel) .
Additionally, it is useful to examine of the trend of the logarithmic slope of the excitation function, plotted in the bottom panel of Fig. 2 . The experimental slope increases around and below the bar- rier but a saturation shows up below 48.5 MeV. The slope does not reach L CS and tends to become parallel to it with decreasing energy, in a close analogy with the case of 36 S + 48 Ca [17] . Consequently, the S-factor does not show any maximum in the measured energy range for both systems.
Coupled-channels calculations
The excitation function of 48 Ca + 48 Ca has been compared with the results of coupled-channels (CC) calculations performed with the CCFULL code [25] using the Woods-Saxon parametrization of the nuclear potential, and modified for symmetric systems [26] . The low-lying 2 + and 3 − vibrational states of 48 Ca were included in the calculations, as well as their mutual excitations. 48 Ca is very stiff, with the 2 + (3 − ) state at 3.832 (4.507) MeV and deformation parameter β = 0.11 (0.23) [27] .
We stress that it is not our aim to attain the best fit of the data, rather we like to give indications for future theoretical work. We show the results obtained with two different bare potentials. The first one is essentially the Akyüz-Winther (AW) potential [28] (giving good results in the analysis of the previous data [18] ). The geometry is the same one with r o = 1.18 fm and a = 0.66 fm. Only the well depth has been slightly re-adjusted, so to give a barrier [18] . This shows the importance of the additional points measured in this work, for the determination of the low-energy trend of the excitation function.
height V b = 52.2 MeV, that is, 0.6 MeV higher than the AW value.
This takes care of the fact that the previous cross sections have been scaled down by the factor 0.80, as discussed above.
The second potential has a much larger diffuseness parameter a = 0.90 fm and r o has been reduced to 1.05 fm, so to give approximately the same barrier V b with a well depth V 0 = 84.9 MeV.
The total ion-ion potential (nuclear plus Coulomb) is shallower than the first one, nevertheless its internal pocket (for l = 0) is 38 MeV deeper than the lowest measured energy. The large diffuseness of this potential makes it similar to the one used for 36 S + 48 Ca [17] , that allowed to reproduce those data both above and below the barrier.
No imaginary component of the potential is included in this version of CCFULL. Both real potentials, described here above, produce a barrier distribution quite similar to the experimental one, when couplings are included. This is shown in Fig. 2 (top) . The excitation function of 48 Ca + 48 Ca, as resulting from the combination of the previous and present data sets, is compared with calculations in Fig. 3 . In the top panel the cross sections are plotted in a linear scale that shows better the trends above the barrier. The two CC calculations give very similar results in this energy range. Both of them overestimate the data slightly, but well within the experimental errors. The situation is changed below the barrier (see bottom panel), where it is clear that the "AW-like" potential gives a wrong slope (too flat), while the calculation with a = 0.90 fm fits the data much better. It is worth noting that the present lowenergy points (the five lowest points) are essential for a clear-cut discrimination between the two calculations.
Analogous conclusions may be drawn by considering the logarithmic slopes of the excitation function, plotted in Fig. 2 vs. energy (bottom panel). There, the slope expected for a constant S-factor L CS is also reported for reference. The calculation with a = 0.90 fm gives a good fit of the low-energy slope, whereas the slope calculated with a = 0.66 fm is well below the data, although the errors are rather large for the relevant points. The ordinate is not corrected for the small difference in barrier The comparison of the low-energy slopes reveals in more detail the striking similarity between the two systems. Fig. 4 (bottom) indicates that the two slopes, after a sharp increase just below the Coulomb barrier, level off and become pretty constant with decreasing cross section as a function of energy. Since the Q -value for CN formation has opposite signs in the two systems, this parallel behavior seems to invalidate the previous speculative hypothesis that the slope saturation may be due to the positive Q of 36 
Summary and conclusions
This work has reported the results of measurements of fusion cross sections for 48 Ca + 48 Ca, extending the available data down to σ 500 nb. Merging the present and previous data sets produces a very regular excitation function down to the lowest measured energies. Its slope increases only slightly below 48.5 MeV and remains, anyway, below the L CS value, so that no maximum of the S-factor vs. energy shows up. The present new data are essential for revealing this behavior. Above the barrier, standard CC calculations using a Woods-Saxon potential reproduce the data quite reasonably, when the low-lying quadrupole and octupole excitations are included. However, a large diffuseness parameter a = 0.90 fm has to be used in order to fit the data well below the barrier. An AW geometry of the bare potential with a = 0.66 fm results in underpredicting the low-energy slope very clearly for cross sections smaller than ≈ 300 μb.
All of these features concerning 48 64 Ni + 64 Ni behave differently, i.e. the slopes of the excitation functions steadily increases down to very small cross sections. Detailed nuclear structure effects should be possibly examined. The expression "fusion hindrance" covers a wide range of behaviors for different mass ranges and different nuclear structure situations.
